The systems which transport methionine in Salmonella typhimurium LT2 have been studied. Fourteen mutants, isolated by three different selection procedures, had similar growth characteristics and defects in the specific transport process showing a Km of 0 . 3 ,~~ for L-methionine, and therefore lack the high-affinity, metP transport system. The sites of mutation in four of the mutants were shown by P1-mediated transduction to be linked (0-3 to 1.1 %) with a proline marker located at unit 7 on the S. typhimurium chromosome. The high-affinity system was subject to both repression and transinhibition by methionine, and it may also be regulated by the metJ and metK genes. There appeared to be at least two additional transport systems with relatively low affinities for methionine in the metP763 mutant strain, with apparent Km values for methionine of 24 ,UM and approximately 1.8 mM. The latter system, with a very low affinity for methionine, was inhibited by leucine. In addition, methionine inhibited leucine transport, suggesting that one of the low-affinity methionine transport systems may actually be a leucine transport system.
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The systems which transport methionine in Salmonella typhimurium LT2 have been studied. Fourteen mutants, isolated by three different selection procedures, had similar growth characteristics and defects in the specific transport process showing a Km of 0 . 3 ,~~ for L-methionine, and therefore lack the high-affinity, metP transport system. The sites of mutation in four of the mutants were shown by P1-mediated transduction to be linked (0-3 to 1.1 %) with a proline marker located at unit 7 on the S. typhimurium chromosome. The high-affinity system was subject to both repression and transinhibition by methionine, and it may also be regulated by the metJ and metK genes. There appeared to be at least two additional transport systems with relatively low affinities for methionine in the metP763 mutant strain, with apparent Km values for methionine of 24 ,UM and approximately 1.8 mM. The latter system, with a very low affinity for methionine, was inhibited by leucine. In addition, methionine inhibited leucine transport, suggesting that one of the low-affinity methionine transport systems may actually be a leucine transport system.
I N T R O D U C T I O N
Amino acids and other small molecules are transported into the bacterial cell by a large number of transport systems. Some are specific and have high affinities for their substrates; others have broader specificities and low affinities. This presents a complication in the genetic analysis of transport systems, since in many cases a single compound is transported by two or more systems, and it is therefore difficult to isolate mutants lacking only one system because the other system or systems may be sufficiently active to compensate for the missing activity.
A high-affinity transport system for L-methionine has been described in Salmonella typhimurium (Ayling & Bridgeland, 1972) and Escherichia coli (Kadner, 1974 ; Kadner & Watson, 1974) . Mutants lacking the activity of this system are designated metP in S. typhimurium and metD in E. coli. The system has an apparent Knl for methionine of about 0.1 ,UM in both species and shows a high degree of specificity. None of the other common amino acids inhibits its activity with L-methionine as substrate, although D-methionhe and certain methionine analogues are weak inhibitors.
MetP mutants in S. typhimurium were isolated as resistant to either of two growth inhibitory analogues, a-methylmethionine or methionine sulphoximine (Ayling & Bridgeland, 1972) . Later studies showed that those methionine sulphoximine-resistant mutants which were defective in methionine transport were also defective in glutamine transport. metE205 metP764 ara-9 1 metE205 metP765 ara-9 metE205 metP766 ara-9 ) metE205 metP767 glnP252 metE205 metPl707 ara-9 metE205 metPl708 glnP256 ara-9 metE205 metPl709 glnP257 ara-9 metE20.5 metPl710 glnP258 ara-9 metE205 metPl71 I glnP259 ara-9 metE205 metPl712 glnP260 ara-9 metE205 dadA51 ara-9 metE205 dadA52 ara-9 ) metE205' dadA52 ara-9 HfrK4 serAI3 HfrA metP760 hisD23 galK50 HfrA metP762 glnP253 hisD23 * Symbols as in Sanderson & Hartman (1978) .
-i -In conjugation and transduction crosses, the recipient is given first and the donor second. Abbreviations: AM, a-methylmethionine ; METX, methionine sulphoximine ; NG, N-methyl-N'-nitro-N-nitrosoguanidine.
$ P1-sensitive gulE derivatives of other met€ metP strains described in Results were isolated in the same way.
The methods for transduction of S. typhimurium with phage PlCMclr-100 have been described by Ornellas & Stocker (1974) , Enomoto & Stocker (1974) and Mojica-a (1975) . In general, P1-sensitive derivatives of S. typhimurium were isolated from mutants resistant to Felix 0 phage. PlCMclr-100 lysates were prepared either by induction of P1 lysogens at 40 "C (since the clr-100 mutation makes the phage repressor unstable at this temperature), or by infection of P1-sensitive strains with phage in soft LA at 30 "C. PI phage was assayed using Shigellu dysenteriue strain 16 (kindly supplied by Dr J. R. Guest) as an indicator.
The isolation of metP760 and metP761 (Ayling & Bridgeland, 1972) and metP767 (Betteridge & Ayling, 1975) have already been described. The new metP mutants were isolated in three different ways :
(1) for resistance to a-methylmethionine: 0.1 ml of an overnight NB culture of metE205 (HU36) was spread on MA+B,,+a-methylmethionine (1 mg ml-l). After 48 h incubation at 37 "C, resistant colonies were picked and streaked twice on NA. [MetP763, metP764 and metPI707; the first two mutants were isolated after ICR mutagenesis (Roth, 1970).] (2) for resistance to methionine sulphoximine: selection as in (1) except that mutants were selected from metE205 on MA +Biz+ analogue (50 pg ml-l). [MetPI 708, metPl709, metPl710, metPl71 I and metPI712.
MetP762 was similarly isolated from HfrA hisD23 (HU21).] (3) for failure to grow on D-methionhe: metE20.5 was mutagenized with NG (Ayling & Chater, 1968) and mutants were isolated which failed to grow on MA+ D-methionhe at 10 pg rn-l, but which grew on MA + L-methionine at 20 pg ml-l. (MetP765, metP766.) Reversion tests on the metE metP strains were performed by spreading 0.1 ml samples of overnight NB cultures on to MA+D-methionine (1Opg ml-l). Either one crystal of NG, one drop (approx. 0.03 ml) of EMS or one drop of a solution of ICR 191 B (1 mg ml-l) was placed on the agar surface. The appearance of a ring of more than 100 revertants around the mutagen was scored as strong reversion; about 10 to 20 revertants were scored as weak reversion.
Growth responses of metE metP strains. The responses of these strains to various methionine sources were tested by placing paper discs containing 80 pg of the compound (about 0-5 pmol) in the centre of MA plates which had been overlaid with soft MA layers containing 0.1 ml samples of overnight NB cultures resuspended in 0.85% (w/v) saline. Responses of the same strains to the analogues a-methylmethionine (AM) and methionine sulphoximine (METX) were tested by the radial streak method (Ames & Roth, 1968) . Discs containing 2 mg AM or 200pg METX were placed in the centre of an MA+Blz plate. Overnight NB cultures were resuspended in saline and streaked radially from the edge of the disc to the outside of the plate.
Methionine uptake. The method normally used was as described by Ayling & Bridgeland (1972) . Exponentially growing cultures (usually 75 ml at an A650 of 0.6 to 0.8, determined in a Unicam SP600 spectrophotometer) were incubated with chloramphenicol (200 pg ml-l) for 30 min, washed once and resuspended in MM+ chloramphenicol (chloramphenicol medium, CM). Suspensions were adjusted to 1 to 2 mg dry wt ml-l (using a dry weight calibration curve in which an A650 of 1.0 corresponded to 395 pg dry wt ml-l). All operations subsequent to the chloramphenicol treatment were performed at room temperature (20 to 23 "C).
Transport activity was stable for at least 1 h in bacterial suspensions prepared this way, and assays were normally performed within this time. The final volume of the assay mixture was 0.5 to 2.0 ml except where noted otherwise. The assay temperature was 25 "C, and the final concentration of bacteria ranged from 50 to 400 pg dry wt ml-l. The rate of reaction was proportional to the concentration of bacteria up to at least 400,ug per filter. The reaction was initiated by mixing bacteria and labelled amino acid (plus additions, where specified) in a 15 x 120 mm test tube. Samples (0.2 ml or 1.0 ml) were removed with an automatic pipette and placed on membrane filters (25 mm diam., 0-45 pm pore size, Millipore or Oxoid) and washed with 5 ml CM at room temperature. In some experiments the total reaction mixture was poured on to the filter. The filters were dried and placed in 5 ml scintillation fluid. Radioactivity was determined in a Reckman LS200 or Packard Tricarb scintillation counter.
In a preliminary screming of the metE metP strains for possible transport defects a simplified version of the above procedure was used. Bacteria were grown overnight in 10 ml MM + glucose (0.04 yo, w/v) + B12 (0.1 ,ug ml-l); 0.4% (w/v) glucose was then added, and incubation was continued for 1.25 h. The cultures were washed with 10 ml CM and resuspended in 2 ml CM. The transport assays were then performed as described above, with a bacterial concentration of 100 ,ug ml-' (assays with L-[14C]methionine or L-[14C]glutamine) or 200 pg ml-l (assays with ~-[l~C]methionine) in a 0.5 ml assay mixture.
All uptake values are expressed as nmol (mg dry wt)-', and are usually the averages of duplicate determinations. Results using radioactive amino acid concentrations greater than 1 ~L M have been corrected for uptake by bacteria treated with toluene (1 yo, v/v) for 2 min.
Methionine transport systems in Salmonella
Isolation and characterization of mutants altered in the high-afinity transport system Mutations in the high-affinity methionine transport system (1) confer resistance to AM at 1 mg ml-l, (2) confer resistance to METX at 50 pg ml-l in strains which in addition carry the glnP marker and (3) prevent growth of methionine auxotrophs on D-methionine at 10 pg ml-l. MetP mutants isolated using each of these properties are described in Table 1 and in Methods. For example, following frameshift mutagenesis by ICR 191 B of the metE205 auxotrophic strain, two out of 332 AM-resistant mutants obtained from the mutagen-treated culture were unable to grow on D-methionine (metE20.5 metP763 and metE205 metP764).
The ability of ICR 191 B, NG and EMS to revert the metE metP strains listed in Table 1 on D-methionine (10 pg ml-l) was tested. Met205 metP760 and metE20.5 metPZ707 were strongly reverted by either NG or EMS; metE20.5 metP763 was strongly reverted and metE205 metP764 was weakly reverted by ICR 191 B. None of the other metE metP strains was significantly reverted by these mutagens. It therefore appears that metP763 is a frameshift mutant (Oeschger & Hartman, 1970) , although genetic data to be presented later do not entirely support this conclusion.
The metE metP strains were also tested for their responses to various sources of methionine known to support growth of methionine auxotrophs (L-and D-methionhe, N-acetylmethionine and a-ketomethiolbutyric acid). Paper discs containing each of these compounds were placed in the centre of plates seeded with soft MA layers containing the bacteria. The metE20.5 parent strain responded well to each of the four methionine sources. The metE metP strains grew well on L-methionine. With the exception of metE metPl7lZ and met€ metP1712, all the metP strains showed very little or no response to D-methionine at 80 pg per disc, but showed some response to 800 pg per disc; metE metP1711 and metE metPl712
showed a rather variable response to 80,ug. None of the nine strains tested (metP760 to metPl707, inclusive, Table 1 ) grew well on N-acetylmethionine, but all 14 grew well on a-ketomethiolbutyric acid. This indicates that the metP+ system is not involved in, or at least not exclusively involved in, the transport of a-ketomethiolbutyric acid. Interestingly, the metE205 dadA.52 and metE205 dadA52 strains (HU 107 and HU106, respectively), which cannot grow on D-methionine because they are defective in the first of the two steps in the conversion of D-to L-methionine (Wild et al., 1974) , failed to respond to the increased amount of D-methionhe.
The metE205 metP strains were tested for their resistance to the analogues AM and METX using the radial streak method (Ames & Roth, 1968) . All of the strains were resistant to AM, whereas only those strains which also contained gInP mutations in the high-affinity glutamine transport system (metP761, metP762, metP767, metPl708, metPl709, metPl710, metPZ711 and metPl712) were resistant to METX. The two metE dadA strains were fully sensitive to both analogues.
In a preliminary survey of possible transport defects, all of the 14 metE metP strains in 170 o/; of the wild-type level), whereas the metP761, metP762, metP767, metPl708, metPl709, metPl710, metPl711 and metPl712 strains (which were all resistant to METX) showed 2 to 16 yo of the wild-type uptake. The latter strains showing the reduced glutamine uptake are presumed to carry a mutation in the gZnP gene, although the gZnP mutations have only been located approximately by conjugation for the metP761 and rnetP767 strains.
The responses of metE20.5 and metE20.5 metP763 to various concentrations of L-and D-methionhe were further measured in liquid media (Fig. 1 ). The metP763 mutation had little effect on the growth rate or final growth yield of the metE20.5 auxotroph in concentrations of L-methionine as low as 1.0 pg ml-l, i.e. 6-7 ,LAM ( Fig. 1 a, b) . MetE20.5 grew more slowly on D-methionine at 10 or 100 ;4g ml-l than on L-methionine ( Fig. 1 c) . The faiIure of metE20.5 metP763 to grow on D-methionine at 10 ,ug ml-l, i.e. 67 PM, indicated that only the metP system transports sufficient of the compound at this concentration (Fig. I d ) . In confirmation of the plate tests, metE20.5 metP763 did respond slowly to a higher concentration of D-methionine (100 fig ml-l). The simplest explanation for the growth of metE20.5 rnetP763 on high levels of D-methionhe is that a second transport system, which has a higher Kn, for D-methionine than the metP system, is operating. It might be argued that the growth response of metE metP to a high concentration of D-methionine is due to the presence of L-methionine as an impurity. This is unlikely because in the plate tests, if the D-methionine preparations contained even small amounts of L-methionine, then the metE dadA strains should respond as well as the metE metP strains. The results from the plate tests were confirmed by an experiment in liquid medium (not shown) similar to those in Fig. 1 . MetE20.5 dadA52 grew on D-methionine at 100 ,ug ml-l with a generation time of 310 min, whereas metE205 metP763 showed a generation time of 160 min under similar conditions ( Fig. 1 d) . Another possible explanation for the ability of metE metP strains to grow on high concentrations of D-methionine might be that all these strains possess a defect in the high-affinity L-methionine transport system which leads to a reduced affinity for D-methionhe. This seems very unlikely to be true for all the metP mutants. metPl712. Spot transductions were performed on MA + D-methionine (10 pg ml-l) using, as recipients, the 14 metE metP strains listed in Table 1 . The ability of the metE metP strains to act as recipients in transduction was checked using phage propagated on strains metE205 and LT2. Transducing ability was determined by spotting the phage on bacterial lawns of strain HfrK4 serA13 on MA+D-methionine. Strain metE205 metP762 was an extremely poor recipient. None of the homologous crosses yielded transductants, as anticipated. With all recipients except metE205 metP762 and metE205 metP764, phage grown on the metP mutants yielded fewer transductants than did phage grown on metE205 or LT2, suggesting that all the metP mutations lie in the same genetic region.
Genetic studies oy2 metP mutants
The mutants metPl708 and, possibly, metP763 could be due to deletions, since they yielded no recombinants when crossed with metP760, metP761, metP762, metP764, metP765, metP766 and metPZ 707. MetPl708, but not metP763, yielded recombinants with metP767, and therefore metP763 may be a longer deletion than metP1708. The suggestion that the metP763 mutation might be a deletion is difficult to reconcile with the observation that this mutation was both induced and reverted by ICR 191 B. Oeschger & Hartman (1970) , in a study of ICR-induced mutants requiring histidine, concluded that mutations which were reverted by ICR were 'minus' or 'plus' frameshifts. Those mutations which could have been short deletions were not reverted by ICR. However, this uncertainty about the nature of the metP763 mutation does not detract from its usefulness in the present work, since either deletions or frameshifts normally lead to completely defective gene products. The remaining mutants metPl709, metZ710, metPl711 and metP1712 gave relatively large numbers of recombinants when crossed with metP1708 and are presumed to lie outside the deleted region.
To determine the approximate location of the metP gene on the S. typhimurium chromosome, a three-point conjugation cross was made between HfrA metP760 hisD23 galK.50 (strain HU77) and proA46 leu-ZOO3 purC7 ilv-405 (HU93). The leu and pro genes are located at 3 and 7 units, respectively, on the S. typhimurium linkage map (Sanderson & Hartman, 1978) . Pro+His+ recombinants were selected on MA + adenine + isoleucine + leucine, and scored for inheritance of leu and metP. The percentages of the recombinant classes were: leu+ metP760 34.4%; leuf metP+ 8.9%; leu metP760 244%; leu metP+ 32.2% (from a total of 90 progeny). These results suggested that metP is located on the chromosome between the leu andproA genes, because on this sequence the minority leu+ metP+ class would require four crossovers and therefore would be rare.
Confirmation that the metP mutations were closely linked to the proA gene was obtained from PI -mediated transduction. PI-sensitive isolates were derived from metE205 metP760, metE205 metP762, metE205 metP763 and metE205 metP767 as described in Methods. Phage were propagated by induction of a PI lysogen of the first strain, and by lytic infection in soft agar layers for the remaining strains. The phage preparations obtained with these strains were then used to transduce strain HU293, pro-624 hisD2421 ilvC401 metE338 ara-9 galE str-r, selecting for Pro+. Transductants were then replicated to MA + isoleucine + valine + histidine + D-methionhe to determine the numbers of MetP+ and MetP-recombinants. The resulting cotransduction frequencies between pro+ and metP were as follows : ductants (i.e. those which grew on D-methionhe) were picked on to fresh medium and replicated a second time on to media containing L-or D-methionhe, to confirm the original scoring. In addition, the metP transductants were tested and shown to contain one of the auxotrophic markers of the recipient strain. The final conclusion was that the metP class were genuine transductants, and that the metP and pro genes are therefore sufficiently close on the chromosome to be carried on the P1 transduction fragment.
Characterization of two methionine transport systems Time courses for the uptake of 50 or 200pu~-~-methionine by the metP+ and metP763 strains in the absence or presence of sodium fluoride plus sodium azide are shown in Fig. 2 . At both concentrations of methionine, the rate of transport in the untreated wild-type strain started to decline after about 30 S, whereas the rate of transport in the metP763 strain was constant over the 75 s assay period. As reported for E. coli by Kadner (1974), uptake in both strains was almost completely inhibited by sodium fluoride plus sodium azide, indicating that uptake is energized and not passive. In agreement with this conclusion, the omission of glucose from the assay medium reduced uptake of 50 or 200 pM-L-methionhe after 75 s by about 70% for metP+ and by about 55 yo for metP763.
Kinetic analysis was performed on the initial rates of uptake at increasing concentrations of L-methionine from 10 to 4 0 ,~~ in metP760 and metP763 (strains HU284 and HU323, respectively), and also in a wild-type strain (HU322) as a control (data not shown). The data for both metP mutants were linear over the concentration range studied, each yielding an apparent Km of about 30 ,UM, and a V,,, of 1.00 nmol min-l (mg dry wt)-l. The mutation metP760 occurred spontaneously, whereas metP763 had been obtained in metE20.5 after treatment with the mutagen ICR (Table l) , although, as discussed above, it is not clear whether metP763 is a simple frameshift mutation or an extended deletion. But either type of mutation would be expected to result in a defective polypeptide and therefore it is likely that both metP760 and metP763 are completely defective in the high-affinity methionine transport system. The Vmax for the wild-type was 2.32 nmol min-l (mg dry wt)-l; this is composed of the Vmax values for the high-and low-affinity systems. The simplest explanation for the linearity of the double reciprocal plots for the metP mutant data is that, over the concentration range 10 to 40 p~, there is only one low-affinity methionine transport system operating. However, this type of kinetic analysis will not resolve two or more transport systems acting on the same substrate unless they have sufficiently different kinetic parameters (Dixon & Webb, 1964) . Also, it is possible that there are other systems with an even lower affinity for methionine than the system (or systems) detected in the above experiment; such a low-affinity system would be recognized only at very high methionine concentrations. Therefore methionine uptake was studied at concentrations from 100 p~ to 2 mM (Fig. 3) . A problem with working at these concentrations is that the toluene blanks are considerable when compared with the total uptake, and this reduces the accuracy of the estimates. For example, in the data shown in Fig. 3 . But accepting these limitations, the data for the metP763 strain strongly suggested that the uptake above about 1 0 0 ,~~ increases rapidly, such that in this strain the Vmag was about 5 to 10 nmol min-l (mg dry wt)-l. It therefore seems possible that metP763 possesses two low-affinity methionine transport systems, and this suggestion is supported by the results to be presented in the later section on the inhibition of methionine uptake by leucine.
Methionine transport systems in Salmonella

Specijkity of the methionine transport systems
The effects of several amino acids and various compounds related to methionine on the uptake of 20,m-methionine in a wild-type strain (HU322) and metP763 (HU323) are shown in Table 2 . Compounds such as S-methylcysteine, a-methylmethionine, norleucine and, to a lesser extent, leucine, isoleucine and valine, (and possibly phenylalanine and histidine) were more potent inhibitors of the low-affinity system than of the high-affinity system. Methionine methyl ester, methionine amide, N-acetylmethionine, glycylmethionine and a-ketomethiolbutyric acid were strong inhibitors of the high-affinity system. Selenomethionine and, to a lesser extent, ethionine inhibited both systems, while D-methionine and methionine sulphoximine were poor inhibitors. The final concentration of L-methionine was 20 p~ (1 1.2 pCi pmol-l) and the final concentration of bacteria was 400 pg dry wt ml-l. Uptake was determined from duplicate 0.5 ml samples (from two or three independent cultures) taken at 30 s. Results are expressed as percentages of methionine uptake in the absence of inhibitors. Actual rates of uptake were: wild-type, 1-95kO.22 nmol min-l (mg dry wt)-'; metP763, 0.40_+ 0-05 nmol min-l (mg dry wt)-l. The final concentration of L-methionine was 100 ,UM (5.6 ,uCi pmol-l) and the final concentration of bacteria was 667 pg dry wt ml-l. Uptake was determined from duplicate 0.6 ml samples taken at 30 s. Results derived from two experiments are expressed as percentages of methionine uptake in the absence of inhibitors. Actual rates of uptake were 1.01 and 0.94 nmol min-l (mg dry wt)-l. An extended range of amino acids was tested for their effect on the uptake of 1 0 0 ,~~-methionine by metP763 ( Table 3) . The results confirmed that the branched-chain amino acids, the aromatic amino acids and histidine partially inhibited methionine uptake, and it is concluded that these amino acids compete for transport by a common system. The effect of adding leucine and tryptophan together was only slightly more inhibitory than adding either compound separately, and therefore it appears that the major part of the inhibition by the branched-chain and aromatic amino acids is exerted on the same methionine trans- port system. However, it is possible that the inhibition observed at these high substrate concentrations is non-specific, caused by limitation of components shared by transport systems in general, e.g. the ATP-energy proton coupling system. The group of compounds, typified by S-methylcysteine, which were shown in Table 2 to inhibit predominantly the low-affinity transport system, are unlikely to give rise to methionine in the bacterial cell, and therefore there is no reason to question that the inhibition observed is through competition for entry. However, compounds such as methionine methyl ester and a-ketomethiolbutyric acid can readily give rise to L-methionine, as judged by their ability to support the growth of methionine auxotrophs. Kadner (1975) has shown that in E. coli, at least part of the inhibition observed with a-ketomethiolbutyrate was due to transinhibition of [14C]methionine uptake by the L-methionine released from the inhibitor inside the cell, and we therefore examined the inhibition by this second group of compounds in more detail. Both ethionine (Fig. 4a) and a-ketomethiolbutyric acid (Fig. 4b) inhibited uptake in the wild-type strain HU322 and caused slow efflux of methionine. Pre-incubation with a-ketomethiolbutyric acid produced more inhibition in the earlier samples than was achieved by adding inhibitor and label simultaneously. This suggested that the intracellular pool of a-ketomethiolbutyric acid or, more likely, the methionine derived from it, inhibited further uptake of L-[14C]methionine.
The effect of D-methionine was also examined (results not shown). In one experiment using the wild-type, 100 pM-D-methionhe added with the L-[14C]methionine inhibited uptake at 1 min by 32 %, whereas 100 ,uM-D-methionine added 3 rnin before the label resulted in 60 7; inhibition. A similar result was observed with the dadA52 strain (HU411) which is unable to convert D-to L-methionine. However, when the experiments were repeated using a different batch of D-methionhe, addition of D-methionhe with the L-[14C]methionine resulted in only 4 % inhibition in either the wild-type or dadA52, and even the addition of D-methionine 3 min prior to the label resulted in only 17 o/o or 24 yo inhibition in the wildtype or dadA52, respectively. It is therefore likely that all, or a high proportion, of the inhibitory effect of D-methionine is due to a small amount of L-methionine in the preparations. 
Repression of the high-afinity methionine transport system
Growth of bacteria for several generations in the presence of L-methionine reduced uptake of 1 ,UM-L-[14C]methionine, whereas addition of L-methionine immediately before chloramphenicol (i.e. 30 min before harvesting started) had no effect. These results suggested that methionine might repress the synthesis of its own transport system and therefore the following experiments were performed. A culture of wild-type bacteria (strain HU322), grown for several generations in MM + L-methionine (200 ,ug ml-l) , w i~s transferred into medium without methionine; there was an eightfold increase in the transport activity of the high-affinity system within 3 h, and this increase was prevented by methionine or chloramphenicol (Fig. 5) . It was therefore concluded that the increase in uptake required protein synthesis. It might be argued that the increase in transport activity in the culture transferred to MM was due to a gradual reduction in the size of the methionine pool, and that this reduction was prevented by chloramphenicol. Therefore the experiment was performed in the reverse direction and bacteria grown in MM were transferred into M M + L-methionine (Fig. 6 ). Under these conditions, transport activity declined gradually to about 60% of the initial value after 1 h ; in a control culture transferred froin MM to MM, transport activity actually increased by 34 yo in 1.5 h. It seems very unlikely that it takes this time to establish the methionine pool, and from these results and those in Fig. 5 , it is concluded that a substantial proportion of the reduction in transport after growth in methionine is due to a reduced synthesis of the high-affinity system.
We found no evidence for repression of methionine transport activity in strain metP763 (HU323). In one series of experiments, uptake of 42 pM-L-methionine was 0. 
Inhibition of methionine and leucine transport
Several recent reports indicate that methionine affects the activity of the leucine, isoleucine and valine transport systems. At least three different branched-chain amino acid transport systems have been identified in E. coli K12: a ' high-affinity ' leucine-specific system (LS) ; a ' very high-affinity ' leucine-isoleucine-valine system (LIV-I) ; and a ' high-affinity ' leucineisoleucine-valine system (LIV-11) (Rahmanian et al., 1973 ; Guardiola et al., 1974a, b ; Wood, 1975; Iaccarino et al., 1978) . The high-affinity LIV-I1 system is actually the sum of two different systems which apparently work in parallel (Guardiola et al., 19743) . The LS and LIV-I systems are strongly repressed by growth on leucine (or several other amino acids). The LIV-I1 systems may be repressed by leucine, depending on the strain of E. coZi used (Wood, 1975) . Guardiola et al. (1974a, b) showed that in E. coli the activity of the LIV-I transport system was inhibited by methionine and its activity was decreased by growth of bacteria in the presence of methionine. Templeton & Savageau (1974a, b) found that in E. coli leucine, and possibly methionine, inhibited the transport of homoserine, and leucine and methionine each repressed the synthesis of the homoserine transport system. Wood (1975) quoted unpublished work which showed that growth of E. coli in medium containing L-methionine (50 pg ml-l) repressed the leucine-specific system.
We therefore considered the possibility that part of the low-affinity methionine transport in S. typhimurium was carried out by a leucine or general branched-chain amino acid transport system. To determine what proportion of methionine transport was inhibited by leucine, the effect of increasing concentrations of L-leucine on the uptake of ~O~M -Lmethionine by the metP760 strain was determined (data not shown). Only about 35% of methionine uptake could be inhibited, and this was achieved with 200 pM-L-leucine; increasing the leucine concentration 10-fold to 2 mM did not significantly increase the degree of inhibition. The simplest explanation of these results is that the methionine transport activity remaining in the metP mutants is due to two low-affinity systems, only one of which is inhibited by leucine. We next determined the effect of a high concentration of L-leucine on methionine uptake in strain metP763 over a range of methionine concentrations (Fig. 7) . Leucine inhibited a significant proportion of methionine transport, and this proportion increased with increasing methionine concentration. If leucine were competitively inhibiting methionine transport, the degree of inhibition should decrease as the methionine concentration is increased. Therefore these results again agreed with the hypothesis that there are two low-affinity methionine transport systems. Kinetic analysis of the results obtained in the presence of leucine (Fig. 7, plot B) gave the following values : Km 50 p~, Vmdn 0.89 nmol min-l (mg dry wt-'. However, in the absence of leucine (Fig. 7, plot A) there was a rapid rise in the rate of uptake at external methionine concentrations greater than about 100 ,UM (reciprocal of concentration 0.01 p~-l ) . It is not possible to tell from the present data whether this additional component of uptake is due to diffusion or to a transport system with an extremely high Km for methionine, but the fact that this uptake is leucine-sensitive strongly suggests that this is a carrier-mediated process. Analysis of the data obtained in the absence of leucine by the iterative procedure (Osmundsen, 1975) yielded the following values for the low-affinity system: Km 24 p~, VmX 0.66 nmol min-l (mg dry wt)-l; the values for the very low-affinity system are only approximate, since they had high standard errors: Km 1.8 mM, Vmax 9 nmol min-l (mg dry wt)-l. Since leucine partially inhibited methionine uptake in metP763, the effect of methionine on the uptake of leucine in this strain and the wild-type was investigated (Table 4) . A 100-fold excess of methionine reduced the uptake of 1 0 ,~~-leucine to 66 yo of the control value in both strains, suggesting that there is a component of leucine transport which also transports methionine. A smaller degree of inhibition was also seen at 0.1 and 1 pM-leucine. Since the results for the wild-type strain were almost identical The final concentration of bacteria was 1OOpg dry wt ml-l. Uptake was determined from duplicate 1.0 ml samples taken at 30 s. with those for the metP mutant, the metP transport system does not transport leucine, in agreement with the results of Table 2 and Ayling & Bridgeland (1972) .
We next investigated which of the branched-chain amino acid transport systems was inhibited by methionine. In E. coli, several workers have shown that threonine inhibits the 'very high-affinity ' (LIV-I) system. In addition, norleucine inhibits the ' high-affinity ' (LIV-11) systems (Wood, 1975) and threonine specifically inhibits one of the two 'highaffinity' components (Guardiola et al., 1974b) . If the situation were similar in S. tjydiimurium, it might be possible to determine which system was inhibited by using combinations of methionine, threonine and norleucine as inhibitors, plus isoleucine which would inhibit all except the 'leucine-specific' activity. Bacteria were grown in the absence or presence of leucine to repress the LS and LIV-I systems ( Table 5 ). The activity of the LS system accounts for only a few per cent of the total leucine uptake. In unrepressed cells, the activity resistant to norleucine, which is taken to be the activity of the LIV-I system, accounted for about 20 :/o of the total uptake, while the activity resistant to threonine, taken to be part of the LIV-I1 activity, accounted for about 60% of the total uptake. Threonine was a weaker inhibitor than norleucine of uptake in repressed cells, presumably because of repression of the LIV-I system. However, in unrepressed or repressed cells, the effect of methionine plus threonine or methionine plus norleucine was little different from that of either amino acid alone, and 
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Bacteria were grown in the presence or absence of 50 pg L-leucine ml-l. Other details as in Table 4 thus, although it is clear that methionine inhibits a LIV rather than the LS system, it is not possible to conclude which of the LIV systems is likely to transport methionine. Because the aromatic amino acids weakly inhibited methionine uptake (Tables 2 and 3 ), the effect of methionine on the uptake of tryptophan was tested. Ames (1964) has shown that tryptophan is transported by the general aromatic amino acid transport system (Km 0.5 PM), along with phenylalanine, tyrosine and histidine. In addition, tryptophan is transported by a specific system (Km 0.1 to 1 . 0~~) . The uptake of tryptophan was similar in both the wildtype and metP763 strains, and a 200-fold excess of methionine had no effect on uptake (Table 4) . Therefore, there is no evidence from these results to suggest that methionine is transported by the general aromatic amino acid transport system.
Effects of methionine regulatory mutations on methionine transport
MetJ mutants, which are resistant to the methionine analogue ethionine, have been isolated in S. typhimurium (Lawrence et al., 1968) and E. coli (Holloway et al., 1970) . The properties of these mutants have led to the suggestion that metJ may be the structural gene for the methionine repressor (Chater, 1970; Holloway et al., 1970) . The mutants have constitutive synthesis of the methionine biosynthetic enzymes and also of S-adenosylmethionine synthetase, the enzyme which converts methionine into S-adenosylmethionine (SAM) (Hobson & Smith, 1973; Holloway et al., 1970) . As a consequence, the mutants excrete methionine and have been shown to have increased methionine pools in S. typhimuriunz (Hobson, 1974) . Kadner (1975) has shown that in E. coli the rate of methionine transport was very high in a metB metJ strain with a block in methionine biosynthesis, when it was starved for exogenous methionine. This was interpreted as support for feedback control of methionine transport by intracellular methionine; it was suggested that in the metB metJ strain, under conditions of methionine starvation, the methionine pool was rapidly reduced by constitutive SAM synthetase activity, and could not be replenished because of the block in methionine biosynthesis. We have therefore tested the effect of a met.7 mutation on transport in S. typhimurium. A metB metJ strain (HU62) was grown in MM + L-methionine and then transferred to medium without methionine. The culture was assayed for methionine uptake (Fig. 8 a) . Even in the earliest samples, transport was greater in metB metJ than in the metB, metf or wild-type strains, and it increased until it was about five times the control value. The very high level of transport reached by metB metJ suggests that metJ alone results in derepression of the metP product; in the absence of the metB mutation, this increase is masked by the raised intracellular methionine pool. Methionine transport was also studied in two metK mutants. Preliminary results had shown thata metA metKstrain possessed an increased rate of transport (Ayling & Bridgeland, 1972) . Those metK mutants which excrete methionine show constitutive synthesis of the methionine biosynthetic enzymes (Lawrence et al., 1968) . All excreting mutants except metK721 have reduced or undetectable SAM synthetase activities ; metK721 is atypical in that it has wild-type SAM synthetase activity when the metabolism of SAM is blocked by potassium cyanide in the assay medium (Hobson & Smith, 1973) . It has been suggested that S. typhimurium possesses an alternative route for the synthesis of SAM in addition to SAM synthetase, to account for the properties of these mutants; for example, excreting and nonexcreting metK strains have as high intracellular concentrations of SAM as the wild-type (Hobson, 1976) . We have studied the effects of metK721 and metK725 on methionine transport, and typical results for metK725 are shown in Fig. 8(b) . MetB23 metK725 (HU402) showed a higher rate of transport than the metB, metK or wild-type strains. This behaviour was similar to that of metB metJ, although the final level attained was lower. Similar results were found for the strains carrying metK721.
The interpretation of the results with the metK strains is difficult. It is tempting to suggest that the increase in uptake in m e t B m e t K , like m e t B metJ, is also due to a depletion of the methionine pool. But it is not clear how this could occur. It is not likely to be due to the increased conversion of methionine into SAM in metK mutants because Hobson (1976) has shown that whole cells of metK strains carrying methionine auxotrophic lesions, when grown in l00pM-methionine, converted methionine into SAM at the same rate as the auxotroph.
DISCUSSION
Earlier work (Ayling & Bridgeland, 1972) established the existence of at least two transport systems with different affinities for L-methionine in S. typhimurium. Mutants isolated as resistant to the analogues a-methylmethionine or methionine sulphoximine were defective in the high-affinity system and were designated metP (although it was not certain that they mapped in the same gene). The present studies provide additional information on the genetics and biochemistry of the metP system and confirm that there is at least one low-affinity system. All the metP mutants which have been studied seem to be similar to the metD mutants in E. coli. Cooper (1906) first isolated mutants of this type in E. coli; the mutations were located at about 10 min on the E. coli chromosome map. It was suggested that the lesion was in the enzyme which converted D-to L-methionine, but Kadner (1974) and Kadner & Watson (1974) established that metD mutants of E. coli lacked a high-affinity L-methionine transport system. They also isolated a double mutant which not only lacked the high-affinity system, but which was also partially defective in the low-affinity system. Mutations in the low-affinity system were designated metP, so that this gene symbol is at present used for different transport systems in E. coli and S. typhimurium. It is interesting that the metP mutations in the high-affinity system of S. typhimurium may affect the activity of the low-affinity glutamine transport system (J. Poland, personal communication).
Although the S. typlzimurium mutations were initially selected either for resistance to a-methylmethionine (AM), for resistance to methionine sulphoximine (METX), or for preventing growth of methionine auxotrophs on D-methionhe, all mutant strains seem to have very similar growth characteristics, methionine transport defects and genetic properties. Four of the metP mutations (metP760, metP762, metP763 and metP767) were shown to be weakly linked in PI-mediated transduction with a pro gene. Spot transduction experiments indicated that metP760, metP761, metP762, metP763, metP764, metP765, metP766, metP767, metP1707 and metPl708 were closely linked, although it was not possible to decide whether they were all located in the same gene. It was not clear whether mutants metPl709, rnetPI710, metPl711 and metPl712 were in the same region as the other metP mutants. The simplest interpretation is that there is a single high-affinity L-methionine transport system, which also transports D-methionhe at a sufficiently high rate to satisfy the methionine requirements of the bacterium. This system may be complex, because although all the metP mutants are defective in the transport of L-and D-methionhe, Dmethionine is an extremely poor inhibitor of L-methionine transport. Thus, as has been discussed by Kadner (1977) with reference to the metD mutants in E. coli, the metP mutants may lack a component which is involved in L-and D-methionine transport, but there may be additional components which are specific for each isomer. Revertants induced by NG in strain metB23 metP760 which have regained the ability to grow on D-methionine at 10 pg ml-l are interesting because they do not have the full methionine transport activity of metP+ strains. Certain of these revertants apparently contain two mutations, one of which restores ability to grow on D-methionine, and another which results in reduced glutamine transport Kinetic studies on methionine transport at concentrations from 10 to 4 0 p~ could be interpreted most simply as meaning that the metP760 and metP763 mutants possessed a single low-affinity L-methionine transport system with a Kn, of about 3 0 p~ and a V,,, of 1.00 nmol min-l (mg dry wt)-l. However, the increase in the rate of uptake observed at methionine concentrations up to 1 to 2 mM suggested that there might be two low-affinity systems (Fig. 3) . This idea was supported by the results of experiments on the effect of leucine on methionine transport in metP763. At low concentrations of L-[1*C]methionine (20 p~) , leucine inhibited only about 35 % of the total uptake and the degree of inhibition could not be increased by raising the leucine concentration. In a wild-type strain under similar conditions, the inhibition by leucine was hardly detectable because at this concentration of L-methionine, the contribution to uptake by the high-affinity system was about five times that of the low-affinity component, and effectively masked the leucine effect. But it was clear that as the rate of methionine transport increased with increasing external methionine concentrations, so the proportion of transport that could be inhibited by leucine also increased (Fig. 7) .
It is suggested on the basis of the data in Fig. 7 that there are two low-affinity transport systems, only one of which is inhibited by leucine. It is not known whether the leucine-sensitive methionine system actually transports leucine into the bacterium, but it is clear that methionine does inhibit leucine transport (Table 4) . We have attempted to determine whether this system corresponds to one of the branched-chain systems already identified in E. coli (Rahmanian et al., 1973; Guardiola et al., 1974a, b ; Wood, 1975) and in S. typhimurium (Kiritani, 1974) . Wood (1 975) showed that norleucine only inhibitedleucine uptake by the leucine-isoleucine-valine (LIV-11) system; since this analogue inhibits a substantial portion of methionine uptake in metP763 (Table 2) , the leucine-sensitive system in S. typhimurium may be equivalent to the LIV-I1 system. The results in Table 5 showed that the leucinespecific (LS) system plays a minor role in leucine transport, and therefore if methionine is transported by a leucine system, it must be an LIV-I or LIV-I1 system. It was not possible to decide from the inhibition studies with norleucine and threonine whether the LIV-I or LIV-I1 system is likely to function as a methionine transport system.
To verify the suggestion that there are two low-affinity methionine transport systems will require the isolation of mutants in each of these systems. We have isolated mutants from metB23 metP760 which fail to grow on L-methionine (10 ,ug ml-l) in the presence of leucine. But these mutants also fail to grow on L-methionine in the presence of glycylleucine and are therefore not likely to be altered in leucine transport, since amino acids and dipeptides enter the bacterium by different transport systems (Payne & Gilvarg, 1971) .
Since metE metP strains, but not metE dadA strains, can grow on D-methionine when the concentration is increased to 100 ,ug ml-l (670 p~) , there is presumably a second system which transports D-methionine. This system may be one or both of the low-affinity L-methionine systems, since D-methionhe inhibits L-methionine transport (Table 2) .
Methionine transport in S. typhimurium, as in E. coli, seems to be subject to transinhibition by methionine in the intracellular pool. The inhibitory effects on methionine transport of many compounds such as a-ketomethiolbutyric acid can be satisfactorily explained in terms of transinhibition after their conversion to methionine inside the bacterium. The results with the metB metJ strain (Fig. 8a) can be explained in terms of control by transinhibition and repression, but the results with metB metK721 and metB metK72.5 (Fig. 8 b) are difficult to explain. It is possible that the metK mutations result in the derepression of an enzyme which converts methionine into a compound other than SAM. Another possibility is that SAM, rather than methionine, acts as the co-repressor in the repression of synthesis of the metP transport system, as happens with the methionine biosynthetic enzymes. In addition to this feedback inhibition, the activity of the metP system, but not the low-affinity system(s) to any extent, is reduced by growth in the presence of methionine (Figs 5 and 6 ). Our experiments argue against, but do not completely exclude, the possibility that this reduction is due to slow changes in the intracellular methionine concentration. However, it is more likely that methionine, or perhaps a product of methionine, reduces the activity of the metP system, either by repressing its synthesis or perhaps by increasing its rate of breakdown.
Whatever the mechanism of this effect it suggests that the major function of the metP system is to scavenge methionine which has been lost from the bacterial cell into the environment. When the external concentration of methionine is high, the activity of the metP system would no longer be required. 
